However, the mechanoenzyme which functions in VacA-induced vacuolation remains to be identified.
Dynamin is a large-molecular weight (100 kDa) GTPbinding protein family consisting of three isoforms. Dynamin-1 is neuron-specific, dynamin-2 is ubiquitously expressed, and dynamin-3 is expressed in brain, testes, and lungs. Originally, dynamin was found to function in endocytosis and was assumed to be a mechanoenzyme forming endosomes from the plasma membrane (5) . Recently, however, dynamin has been localized to the Golgi apparatus and is assumed to participate in vesicle formation from trans-Golgi networks (6) . Dynamin has also been shown to function in apical transport of intracellular vesicles (7) . Thus, dynamin is currently thought to catalyze many essential steps in vesicle formation and traffic (8) . Given that VacAinduced vacuolation might require the molecular machinery of intracellular vesicle formation and traffic, there is a possibility that dynamin may play a role in that process. We therefore investigated the possible participation of dynamin in VacA-induced vacuolation. We first examined the effect of VacA intoxication on the intracellular distribution of endogenous dynamin in HeLa cells; next we investigated dynamin functions in VacA-induced vacuolation using both transient and stable transfection of GTPase-defective dynamin (domi-nant-negative dynamin) and wild-type dynamin. Finally, we examined the effect of dominant-negative dynamin transfection on VacA cytotoxicity. We report here that dynamin is indeed involved in the molecular machinery of vacuolation induced by VacA.
Methods
Cell culture, purification and activation of VacA, and intoxication of cells. HeLa cells, supplied by RIKEN Gene Bank (Tsukuba, Japan), were cultured in DMEM supplemented with 10% FBS and 100 U/ml penicillin in a 5% CO 2 atmosphere at 37°C. MKN28, a human gastric mucosal cell line (9) , was provided by Toshiyuki Takeuchi (Institute for Molecular and Cellular Regulation, Maebashi, Japan) and was cultured in RPMI with 10% FBS and 100 U/ml penicillin in a 5% CO 2 atmosphere at 37°C. VacA cytotoxin was purified from the toxin-producing strain H. pylori ATCC49503 (American Type Culture Collection, Rockville, Maryland, USA), according to reported procedures (10) , and was then activated with acid pH treatment, as described (11) . For VacA intoxication, control cells or cells transfected with dominant-negative dynamin-1 or wild-type dynamin-1 were treated with 3 µg/ml activated VacA at 37°C. Transiently transfected cells were treated with VacA 24 hours after the transfection. Vacuolation was examined 24 hours after VacA intoxication.
Antibodies. Anti-dynamin-1 and anti-dynamin-2 goat polyclonal antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, California, USA). Anticlathrin mouse monoclonal antibody was from Affinity BioReagents Inc. (Golden, Colorado, USA). Cy3-conjugated and horseradish peroxidase-conjugated donkey anti-goat IgG, FITC-conjugated donkey antirabbit IgG, and FITC-conjugated donkey anti-mouse IgG were from Jackson ImmunoResearch Laboratories Inc. (West Grove, Pennsylvania, USA). Anti-VacA rabbit polyclonal antibody was generated against purified VacA, as described (11) .
Plasmid and transfection. Either wild-type or dominantnegative (GTPase-defective mutant K44E) rat dynamin-1 cDNA (from R.B. Vallee, Worcester Foundation for Experimental Biology, Shrewsbury, Massachusetts, USA) was subcloned into the pCXN2 expression vector, as described (12) , and transfected into HeLa cells using the LipofectAMINE reagent (Life Technologies Inc., Rockville, Maryland, USA), according to the manufacturer's instructions. HeLa cells, seeded 24 hours previously at a density of 10 5 /cm 2 , were transiently transfected with either wild-type or dominant-negative dynamin-1 (K44E) cDNA for 48 hours. For stable transfection of HeLa cells, positive clones were selected and cultured in the presence of 2 mg/ml geneticin (Sigma Chemical Co., St. Louis, Missouri, USA). Geneticin-resistant clones were screened for their potential to express transfected wildtype or dominant-negative dynamin-1 by Western blotting with anti-dynamin-1 antibody, as described below.
Transient transfection of MKN28 was carried out using the adenovirus-mediated technique described previously (13) . Briefly, MKN28 cells seeded at a density of 10 5 /cm 2 in a culture plate were incubated in RPMI supplemented with 80 µg/ml DEAE-dextran and 0.2 µg/ml dominant-negative dynamin-1-pCXN2 plasmid and adenovirus stock solution for 2 hours. After the incubation, cells were washed twice with 10% DMSO in PBS, and then incubated for a further 48 hours in RPMI with 10% FBS.
Immunofluorescence microscopy. Cells were fixed with 2% formaldehyde in PBS, treated with Triton X-100 in PBS for 5 minutes, and incubated sequentially with Blocking Ace (Snow Brand Milk Products Co., Tokyo, Japan), first antibodies, and secondary antibodies. For staining using anti-dynamin-1 or anti-dynamin-2 antibody, Cy3-conjugated donkey anti-goat IgG was used as the secondary antibody. For staining using anticlathrin antibody, FITC-conjugated donkey antimouse IgG was used as the secondary antibody. For double staining with anti-dynamin-1 and anti-VacA antibodies, Cy3-conjugated donkey anti-goat IgG and FITC-conjugated donkey anti-rabbit IgG were used as the secondary antibodies. Samples were examined under a Nikon E-600 microscope (Nikon Co., Tokyo, Japan). Images were captured and digitized using a Spot charged coupled device camera (Diagnostic Instruments Inc., Sterling Heights, Michigan, USA), then edited using Adobe Photoshop 5.0 (Adobe Systems Inc., Mountain View, California, USA) software.
Western blotting. For electrophoresis, 30 µg protein from each sample per lane was loaded onto 7.5% SDSpolyacrylamide electrophoresis gels and run at 200 V. Proteins were then transferred to nitrocellulose membranes at 30 V for 3 hours. Western blotting was done as described previously (14) , using the enhanced chemiluminescence reagent to visualize the secondary antibody.
Neutral red uptake assay. HeLa cells were seeded into 96-well plates and cultured for 24 hours. Cells were then treated with VacA and incubated for a further 24 hours. After the incubation, the vacuolation rate induced by VacA was examined by the method described (11) , in which uptake of neutral red dye into intracellular acidic compartments was determined by measuring the absorbance at 540 nm. The potential differences in cell numbers of each preparation were corrected by measuring the protein concentration of each sample.
MTT assay. To examine cellular viability, we used the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay described previously (15) . Cells seeded into a 96-well plate were incubated in PBS with 0.5 mg/ml MTT (Sigma Chemical Co.) for 2 hours at 37°C. After the incubation, cells were dissolved in 0.04 N HCl in isopropanol to solubilize the dye, which had been converted to purple. Absorbance of converted dye was measured at a wavelength of 570 nm. The potential differences in cell numbers of each preparation were corrected by measuring the protein concentration of each sample.
Transferrin uptake assay. HeLa cells were allowed to attach to a glass slide and incubated in DMEM supple-mented with 20 µg/ml Texas red-conjugated transferrin (Sigma Chemical Co.) and 100 mM sucrose for 1 hour at 37°C. Controls were prepared under the same conditions, but without the sucrose. The cells were then fixed and examined under a Nikon E-600 microscope (Nikon Corp.). Vacuolation induced by VacA under hypertonic conditions was examined by incubating HeLa cells in DMEM supplemented with 100 mM sucrose and 3 µg/ml activated VacA for 24 hours in a 5% CO 2 atmosphere at 37°C.
Statistical analysis. ANOVA was used to determine statistical significance, unless otherwise indicated. P < 0.05 was considered significant.
Results

Localization of endogenous dynamin-2 to VacA-induced vacuoles in HeLa cells.
In the first set of experiments, we examined the intracellular localization of endogenous dynamin in control and VacA-treated HeLa cells using immunocytochemistry. Of the three isoforms of the dynamin family, dynamin-2, a ubiquitous isoform, had been found to be present in human epithelial cells (16) . We therefore investigated the intracellular localization of dynamin-2 in HeLa cells, using a specific antibody. As shown in Figure 1a , staining of untreated HeLa cells revealed a perinuclear distribution of dynamin-2. In contrast, in VacA-treated HeLa cells, dynamin-2 was localized to vacuoles induced by VacA ( Figure 1 , b and c). These data suggest that dynamin participates in vacuole formation induced by VacA.
Dominant-negative dynamin-1 inhibits VacA-induced vacuolation in HeLa cells.
To investigate the participation of dynamin in VacA-induced vacuolation, we generated HeLa cells transiently overexpressing either wild-type or GTPase-defective mutant-type (dominant-negative) dynamin-1, designated K44E. We then examined the effects of VacA on vacuolation in these transfected cells. For easy distinction from endogenous dynamin-2, we used dynamin-1 to construct transfected cells. Although dynamin-1 is a neuron-specific isoform, transfection of dominant-negative dynamin-1 (K44E) had been reported to inhibit endogenous dynamin-2 function in HeLa cells (17) . VacA failed to induce vacuolation in HeLa cells transiently overexpressing this dominant-negative dynamin-1, whereas it did induce vacuolation in nontransfected HeLa cells (Figure 2 , a-d). In contrast, overexpression of wild-type dynamin-1 did not attenuate the vacuolation induced by VacA in HeLa cells. Multiple vacuoles were observed in both wild-type dynamin-transfected and nontransfected cells (Figure 2 , e and f). For quantitative estimations, we compared the numbers of vacuolated cells under each experimental condition. As depicted in Figure 3 , the inhibitory effect of dominantnegative dynamin-1 on VacA-induced vacuolation was statistically significant. These data suggest that overexpression of dominant-negative dynamin-1 inhibits vacuolation induced by VacA.
Effect of stable transfection with dominant-negative or wildtype dynamin-1 on neutral red dye uptake in VacA-treated HeLa cells. For a precise quantitation of the inhibitory effect of dominant-negative dynamin-1 on VacAinduced vacuolation, we constructed HeLa cell lines stably transfected with dominant-negative dynamin-1 or wild-type dynamin-1, and then examined their neutral red dye uptake under VacA-treated conditions. Because neutral red dye is predominantly taken up by VacA-induced vacuoles, it has been widely used as a marker thereof. Thus, higher uptake of neutral red dye by VacA-treated cells implies that more vacuoles are formed. During the preparation of stably transfected cell lines, we obtained multiple clones transfected with either dominant-negative or wild-type dynamin-1. We selected clones that expressed a sufficiently large amount of dominant-negative or wild-type dynamin-1 protein for further experiments (Figure 4a VacA on the viability of HeLa cells stably transfected with dominant-negative dynamin-1, using the MTT assay. As shown in Figure 6 , 3 µg/ml VacA, the concentration at which vacuolation can be strongly induced in naive HeLa cells, did not affect the viability of either the dominant-negative dynamin-1-transfected cells or the nontransfected controls. Higher concentrations of VacA were required before a cytopathic effect on HeLa cell viability was observed. These findings are consistent with a previous report by Peek et al. that concentrations of VacA greater than those inducing vacuolation were required for significant increases in cell death (18) . Therefore, we treated HeLa cells with 15 µg/ml or 30 µg/ml VacA. We first confirmed that, when incubated with 15 µg/ml or 30 µg/ml VacA for 24 hours, marked vacuolation was induced in nontransfected HeLa cells, whereas intracellular vacuolation in cells stably transfected with dominant-negative dynamin-1 was inhibited (data not shown). Concomitantly, the viability of nontransfected HeLa cells was decreased by about 20-30% compared with controls, whereas it was not affected under these conditions in cells stably transfected with dominant-negative dynamin-1 ( Figure 6 ). These data indicate that dominant-negative dynamin-1 prevented VacA cytotoxicity to HeLa cells. dependent endocytosis and vesicle formation. Knowing that dynamin is also involved in VacA-induced vacuolation, we next examined whether such vacuolation is clathrin-dependent. To this end, we investigated the effect of VacA intoxication on the intracellular localization of clathrin. Immunocytochemistry using an anticlathrin antibody revealed that clathrin was localized to the perinuclear region in untreated HeLa cells (Figure 7,  a and b) . In VacA-treated cells, clathrin was also localized to the perinuclear region as in controls. No discernible clathrin signals were detected on the vacuoles induced by VacA. These data indicate that VacA did not affect the intracellular distribution of clathrin and that clathrin was not present on VacA-induced vacuoles, thereby implying that VacA-induced intracellular vacuolation is independent of clathrin. We also examined the effect of perturbation of clathrin function on VacAinduced vacuolation, using hypertonic medium supplemented with sucrose. This method was previously reported to inhibit clathrin function by preventing its interaction with its adapter (19) . When HeLa cells were incubated in hypertonic medium with 100 mM sucrose, clathrin-dependent endocytosis analyzed with Texas red-conjugated transferrin was indeed blocked. However, VacA still successfully induced intracellular vacuolation in HeLa cells (data not shown). These data therefore reinforce the notion that VacA-induced vacuolation is independent of clathrin.
VacA does not affect intracellular distribution of clathrin. Dynamin is involved in multiple processes of clathrin-
Dominant-negative dynamin-1 inhibits VacA-induced vacuolation in MKN28 human gastric mucosal cells. Finally, we examined the inhibitory effect of dominant-negative dynamin-1 on VacA-induced vacuolation in target cells of greater physiological relevance for H. pylori infection. To this end, we transfected dominant-negative dynamin-1 into MKN28 human gastric mucosal cells and examined its effect on VacA-induced vacuolation. Because it is hard to transfect recombinant genes into MKN28 cells using the LipofectAMINE reagent, we used an adenovirus-mediated technique for transfecting dominant-negative dynamin-1 into these cells. Although MKN28 cells are derived from human gastric tubular adenocarcinoma (9) , they retain the characteristics of gastric epithelial cells and have been used for studies on gastric epithelial cell functions (20, 21) . As shown in Figure 8 , VacA induced vacuolation in nontransfected MKN28 cells (arrows). In contrast, VacA failed to induce vacuolation in MKN28 cells transfected with dominant-negative dynamin-1 (arrowheads). Quantitating the numbers of vacuolated cells under each experimental condition, in the same way as for Figure 3 , revealed that 62% of nontransfected MKN28 cells, but only 6% of the dominant-negative dynamin-1-transfected MKN28 cells, were vacuolated. These data indicate that dominant-negative dynamin-1 can inhibit VacA-induced vacuolation in gastric mucosal cells as well as HeLa cells. Cytoplasmic vacuolation induced by cell injury is a widely observed morphological phenomenon (22) . It has been assumed to be a pathophysiological cellular response leading to cell death. Thus, understanding vacuolation-related mechanisms should contribute to knowledge of cellular injury and death, and the use of VacA may assist in the elucidation of such mechanisms. On the basis of recent findings that VacA-induced vacuoles contain both the late endosome marker Rab7 and the lysosome marker Lgp110 (2, 3), these vacuoles are assumed to be a hybrid product of late endosomes and lysosomes. Because vesicular fusion of intracellular compartments is required to form the hybrid, vesicle traffic machinery has been assumed to participate in VacA-induced vacuolation. Rab7 localized to VacAinduced vacuoles is a low-molecular weight G-protein functioning in vesicle traffic. Papini et al. reported that Rab7 plays an important role in VacA-induced vacuolation (4). Although rab proteins are indeed important in intracellular vesicle traffic in that they function as regulators of such traffic, they do not directly form or move intracellular vesicles. In intracellular vesicle traffic, multiple mechanoenzymes play essential roles. Kinesin and dynein are the ATPases that move intracellular vesicles along on microtubules toward their plus and minus ends, respectively (23) . Dynamin is a high-molecular weight G-protein assumed to function in forming intracellular vesicles (24) . Because endocytotic pathways are involved in VacA-induced vacuolation and dynamin is a mechanoenzyme functioning at an early step during vesicle formation, including endocytosis, we focused our study on examining the molecular mechanism of VacA-induced vacuolation by dynamin. Our observations that VacA failed to induce vacuolation in HeLa cells transfected with dominant-negative dynamin, and that stable transfection of wild-type dynamin augmented VacA-induced vacuolation, represent, to our knowledge, the first direct evidence that dynamin plays a crucial role in VacA-induced vacuolation.
Discussion
Our immunocytochemistry data that VacA cytotoxin is internalized even into cells transfected with dominant-negative dynamin-1 are important. The dominant-negative dynamin-1 transfection inhibited VacAinduced vacuolation by blocking endogenous dynamin function, but not by perturbing VacA-internalization into HeLa cells. The VacA cytotoxin is internalized into cells through mechanisms independent of dynamin. We also observed that transfection of a GTPase-deficient dynamin-2 mutant tagged with green fluorescence protein (kindly provided by Mark A. McNiven, Mayo Clinic, Rochester, Minnesota, USA), which is known to inhibit endogenous dynamin-2 function (25), inhibited VacA-induced vacuolation in HeLa cells, but it did not perturb VacA internalization by these cells (H. Ohnishi and J. Suzuki, unpublished data). Various cytotoxins enter target cells through either clathrin-dependent or -independent endocytotic pathways, or both. To date, however, the mechanism of VacA internalization into target cells has been unclear (26) . Because dominant-negative dynamin inhibits the endocytosis of clathrin-coated vesicles (17) , it is reasonable to conclude that VacA is internalized, at least in part, by a mechanism distinct from the clathrindependent endocytotic machinery.
Although a number of studies demonstrated that VacA is the major virulence factor of H. pylori infection (27) , the molecular mechanism by which VacA exerts its cytopathic effect is still unclear. Based on the knowledge that VacA-induced vacuoles are hybrids of late endosomes and lysosomes, Montecucco et al. suggested that a marked decrease of proteolytic activity essential for cell life, and an extensive alteration of protein traffic from the trans-Golgi network to late endosomes -both of which are functional defects caused by vacuolation -might account for VacA cytopathic effects (1). Our observation that dominant-negative dynamin-1 prevented the VacA cytopathic effect on cellular viability concurrently with the inhibition of VacA-induced vacuolation is consistent with their suggestion.
In summary, we have shown that dynamin plays a crucial role in VacA-induced vacuolation. These observations provide new insights related to the molecular pathogenesis of gastroduodenal diseases caused by the H. pylori bacterium.
